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Under ambient conditions, silica (SiO2) and graphite (C) were milled in a ring mill at up to 18 000 s,
followed by heat treatment at 1000 ◦C. A SiO2–SiC nanocomposite with a ratio of 86.3:13.7 was obtained.
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The formation of an amorphous phase in the powder, the low degree of long-range order in the remaining
crystalline particles, the large grain boundaries associated with the ultrafine crystallites, the high internal
strain in the remaining crystalline SiO2, the ultrafine particle size, and the intimate mixing of reactants
increased the reaction kinetics and reaction driving force for the SiC phase in the nanocomposite.

© 2010 Elsevier B.V. All rights reserved.
anocomposite
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. Introduction

Metal carbides exhibit great hardness, high melting points, and
hemical stability at room temperature, which make them impor-
ant materials for engineering applications. Among the carbides,
ilicon carbide (SiC) is widely used in abrasives, cutting tools, bullet-
roof vests, high-performance ceramic disc brakes, filler materials,
nd as catalyst support [1,2]. SiC is an excellent filler material
s it exhibits high fracture strength, excellent creep and wear
esistance, good thermal conductivity, low coefficient of thermal
xpansion, and high thermal and chemical stability under severe
ervice conditions. SiC is produced through various methods and
he traditional production method is done through powder metal-
urgy route by heating the mixture of SiO2 and C at 2000–2300 ◦C
or 30 h. This is called the Acheson process [3]. The SiC particles
rom the Acheson process exhibit large crystallite sizes and suf-
er the contamination of oxygen. In addition to this process, SiC is
lso produced by polymer pyrolysis, chemical vapour deposition,
ot pressing, and liquid phase reaction. These processes require
emperatures higher than 1500 ◦C for the formation of SiC phases
1]. The higher cost of high-temperature processing increases the
roduction cost of end products, which is considered a major disad-

antage in developing countries. However, SiC can be synthesized
hrough a mechanochemical method at room temperature in high-
nergy mills such as SPEX, planetary ball, and stirred mills. During
he mechanochemical synthesis, pure Si powder is mixed with

∗ Corresponding author. Tel.: +60 45996132; fax: +60 45941011.
E-mail address: samaya@eng.usm.my (S. Palaniandy).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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graphite at 1:1 ratio and the mixture is milled longer (i.e., 40 h) for
the formation of SiC. The advantages of mechanochemical synthe-
sis include low processing cost, energy efficieny, and high-purity
products. However, it also exhibits disadvantages such as the con-
tamination of both the milling media and the mill atmosphere [1].

Among the metal oxides, silica exhibits several excellent prop-
erties that are useful in engineering application, especially as a filler
material, including good abrasion resistance, electrical insulation,
high thermal stability, and, with the exception of hydrogen fluo-
ride (HF), insolubility in all acids. Silica is widely used in ceramics,
refractory materials, glass, foundry sand, building materials, invest-
ment casting, and as fillers for polymers. The similarity of silica to
SiC, in terms of thermal and chemical stability, makes it a good can-
didate for filler application in various engineering products such as
polymer composites [4]. Alternatively, the application of composite
filler SiC/SiO2 is believed to enhance the properties of compos-
ites such as polymers. Moreover, silica is cheaper and more easily
obtained compared to SiC, which reduces the production cost of end
products. This paper focuses on the mechanochemical synthesis of
SiO2–SiC composites through high-energy milling in an oscillating
mill, followed by heat treatment of the milled products at a lower
temperature, in order to enhance the formation SiO2–SiC composite
phases.

2. Experimental
High-purity silica (99% SiO2) and graphite (99% C) were used as starting materials
in this work. Silica and graphite were mixed at 1:1 atomic ratio. Milling was carried
out under varied milling times in a ring mill, which consisted of three steel rings as
grinding media. Table 1 shows the chemical composition of silica and graphite. The
mill works through friction and impact caused by the movement of the rings and
the concentric cylinder, which are placed within a casing that contains the materials

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:samaya@eng.usm.my
dx.doi.org/10.1016/j.jallcom.2010.04.158
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Table 1
Chemical composition of silica and graphite.

Composition Al2O3 C SiO2

Weight (%) Silica 0.2 – 99.0
Graphite – 99.0 –

Table 2
Milling conditions.

Parameter Value

Milling media weight (kg) 5.92
Media filling (%) 42.7
Media to powder ratio (%) 12.8
Amplitude (mm) 8
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Media density (kg/m ) 7450
Mill diameter (cm) 22
Mill height (cm) 4.8
Milling media diameter (cm) 18.5, 13.5 and 8.0

o be ground. Mechanochemical synthesis was carried out under atmospheric con-
itions and the total amount of materials was 100 g for each milling procedure. The
illing periods chosen in this work were 30 s, 60 s, 300 s, 600 s, 900 s, 1200 s, 1800 s,

600 s, 7200 s, and 18 000 s. The milling conditions are summarized in Table 2. X-ray
uorescence was used to determine the chemical composition of the raw materi-
ls. The particle size distribution of the samples was measured by laser diffraction
ethod in SYMPATEC, dry mode. The parameter used in the particle size distribu-

ion data were volume moment diameter, d(4.3), and span value. Diameter d(4.3)
as preferred to the mean particle size because the milled particles exhibited poly-
odal distribution. Diameter d(4.3) was calculated by SYMPATEC with xk number

ercentage of detected diameter dk , as shown in Eq. (1) [5]. The span value, , which
uantifies the particle size distribution, was calculated using Eq. (2), with the values
btained from the particle size analysis data [6]. The diameter was i% smaller than
i (i = 10%, 50%, and 90%).

(4.3) =
∑

xkd4
k∑

xkd
3
k

(1)

= d90 − d10

2d50
(2)

he X-ray diffraction (XRD) patterns were collected using a Bruker D8 powder
iffractometer, and K� of Cu (�= 1.542 A) was used for all the analysis at 40 kV and
0 mA. The XRD pattern was recorded in the range 2� = 15–70◦ using a step size of
.050 and a counting time of 5 s per step. Silicon powder was used as a standard to
emove the instrumental broadening effects from the observed profile broadening.
ine positions, intensities widths and shapes were obtained from the XRD spectra
n order to characterize the microstructure in terms of defects parameter such as
rystalline size and microstrain. The APD version 4.1 g software was used to obtain
hese parameters. The K�2 component was removed from the XRD spectra with
he assumption that K�2 intensity was half of the K�1 intensity. The (1 0 1) plane
as selected for the profile analysis. The overlapped peak was split using the APD

ersion 4.1 g software. The X-ray diffraction patterns were adjusted to a combina-
ion of Cauchy and Gaussian line shape, using the Halder and Wagner method for
btaining the physical broadening as shown in Eq. (3) where ˇf , ˇh and ˇg are the
ntegral breadths of the instrumental, observed and measured profiles respectively.
he profile fitting procedure was performed without smoothing the XRD spectra.
ach goodness factor was refined to a value of <5% for all the reflections. Maximum
eight of the peak (Imax), integral breath of line profile (ˇ = A/Imax), full-width at half
aximum (FWHM) and peak position (2�) were obtained from the adjusted line

rofile. A is the area under the peak. The apparent crystallite size was calculated
sing the Scherrer Equation as shown in Eq. (4). The Scherrer formula describes the
utual dependence between the line profile integral breath and crystallite size, Dv

hich was the volume weighted mean of the crystallite in the direction perpendic-
lar to the diffracting planes; the constant varied with the reflection Bragg angle
nd crystallite shape. Lattice strain was calculated using Eq. (5). The structural dis-
rder due to increasing abundance of X-ray amorphous material was manifested
hrough the reduction in the integral intensity of diffraction lines [4]. The relative
ractional amorphization (Am) defined in Eq. (6) was based on the area under the
0 0 2) peak where A0 and and A is the area under the peak for feed and ground
ample respectively [4].

=
ˇ2
h

− ˇ2
g

(3)
f
ˇh

here ˇf , ˇh and ˇg are the integral breadths of the instrumental, observed and
easured profiles respectively [4].

v = K�

FWHM
cos� (4)
K2O CaO Fe2O3 NiO CuO ZrO2

0.026 0.015 0.054 0.016 Trace Trace
– – – – – –

where Dv is volume weighted mean of the crystallite size, K is the constant, � is the
Bragg angle of (h k l) reflection and � is the wavelength of X-rays used [4].

ε = ˇ

4tan�
(5)

where ε is lattice strain [4].

Am = A0 − At

A0
× 100 (6)

where Am is fractional amorphization. A0 and and At are the area under the peak
for feed and ground sample respectively [4].

The morphology of the sample was observed by scanning electron microscopy
(JOEL, ZEISS, Supra). The carbothermic reduction was conducted in a tube furnace
under ambient conditions. The average heating rate was 10 ◦C/min and the sample
was held at 1000 ◦C for 1 h.

3. Results and discussion

3.1. Mechanochemical synthesis

In order to determine the phase changes during the
mechanochemical synthesis, the milled product was picked up for
XRD analysis. Fig. 1(a) shows the XRD of the milled powder at
various milling times. The sample, which was milled for 5 h, under-
went heat treatment at 1000 ◦C in a furnace under atmospheric
conditions. Fig. 1 shows that as the milling progressed, the silica
and carbon phases underwent mechanochemical effects, exhibit-
ing reduction in peak intensity, peak base broadening and peak
shift to lower angle. The reduction in the peak intensity in the early
stage of milling is drastic, whereas a rapid decrease was observed
for silica phase (1 0 1) within 1 h, and came to a plateau 1 h after that.
The gradual reduction of the peak intensity of silica and carbon was
observed as the milling progressed. The (1 1 0), (1 0 2), (3 0 1), (1 1 1),
(2 0 0), (2 0 1), and (2 0 2) plane reflection peaks of silica vanished
after 3600 s of milling. The (0 0 2) plane of graphite overlapped with
the (1 0 1) plane of silica.

In order to observe the amorphization of graphite, the (1 0 0)
plane at 42.2◦ was taken into consideration, which became fully
amorphous after 1800 s. Ghosh and Pradhan mentioned that the
absence of graphite reflection patterns in the XRD pattern may be
attributed to the following reasons: (i) the carbon atoms occupy
interstitial positions in the Si lattice, (ii) thin graphite particles
stick into the intergrain boundaries of Si grains, or (iii) the amor-
phization of graphite layers [2]. The preserved reflection of the
remaining crystalline SiO2 exhibited broadening, which suggests
smaller crystallite sizes and the presence of internal strain. Ini-
tial SiC formation started at 30 s, when a minor peak of �-SiC was
observed at 2� = 44.5◦ and the intensity of this peak increasing as
the milling progress till 5 h. Fig. 1(b) shows the heat treated sam-
ple that was ground for 18 000 s and it exhibits the occurrence
of five phases where �-SiC, �-SiC, quartz, and cristobalite phases
occurs due to mechanochemical process of SiO2 and C whilst iron
chromium oxide phase was detected due to the contamination from
the grinding media for longer milling time. The iron chromium
oxide phase was not detected in the milled samples prior to heat
treatment may cause by stress induce by the milling media on the
iron chromium oxide particles. After heat treatments, the stress

in the particles is relief which lead to the increase in the peak
intensity. Mild acid leaching is one of the methods that can be
adopted in order to remove the iron chromium oxide from the
nanostructured SiO2–SiC composite and its needs further detail
study.
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Fig. 1. X-ray diffraction of unmilled, milled, and heat treated powders (�, Si

Fig. 2 shows the reduction of the degree of crystallinity of SiO2
nd C, and the degree of formation of the SiC (1 0 0) reflection
lane as milling progressed. Twelve point nine percent (12.9%) of
iC was formed after 18 000 s of milling. The formation of the SiC
hase started at 3600 s, as shown in Fig. 2, and it progressively
ncreased as the milling time increased. Based on this observation,
rolonged milling for more than 18 000 s will further amorphize
he SiO2 phase and increase the formation of the SiC phases. The
egree of formation was calculated using Eq. (7), where ISiO2

, IC, and
SiC are the intensities of SiO2, C, and SiC phases, respectively. The
, �-SiC; ♠, �-SiC; ♣, �-SiC �, C;�, crystobalite and �, iron chromium oxide).

heat treatment for 1 h at 1000 ◦C formed 13.7% of the SiC phase and
resulted in a composite consisting of 86.3% SiO2 and 13.7% SiC in
nanostructured form.

Many studies have carried out work on the preparation of nanos-
tructured SiC through the high-energy milling of elemental Si and C

as starting materials because the reaction between elemental Si and
C has negative free energy of formation, as shown in Eq. (8). Mean-
whilst, the process using SiO2 and C as starting materials has large
positive free energy of formation at room temperature with 1 atm
of CO2, as shown in Eq. (9) [1,2]. Ren et al. [3] have produced SiC



S.A.K. Zaman et al. / Journal of Alloys and

t
w
b
t
r
t
T
d
t
w
t
c
t
C
T
t
a
r
c

i
i
w
i
i
T
p
m
c
t
a
r
i
h
t
u
p

d

S

S

D

D

D

T
t

Fig. 2. Peak intensity of SiO2, C and SiC as a function of milling time.

hrough an integrated mechanical and thermal activation process
here SiO2 and C were milled in an attritor mill and was followed

y heat treatment at 1400–1500 ◦C. The milling was carried out up
o 48 h and the mill speed was maintained at 600 rpm. The XRD
esults showed the absence of a SiC phase in the milled samples. In
his study, SiC formation was observed at the early stage of milling.
his phenomenon is very much related to the amount of energy
elivered by the mill to the particles. In the Ren et al. study [3],
he amount of SiC formation was almost 100% after 48 h of milling,
ith the milling and heat treatment performed under inert condi-

ions. In this work, both the milling and the heat treatment were
arried out in ambient air, causing carbon to react with oxygen in
he air to form CO2, which may have led to an insufficient amount of
reacting with SiO2, resulting in the SiO2–SiC powder composite.

his present study of high-energy milling in a ring mill has resulted
o changes in the formation of an amorphous phase in the SiO2
nd C powder mixture, the low degrees of long-range order in the
emaining crystalline particles, and the large grains with ultrafine
rystallites with high internal strain.

Mechanical milling is an alternative method to produce powder
n new phases. SiO2 and C are subjected to high-energy collision
n oscillating mills, causing the powder to be fractured and cold-

elded. Fracturing and cold welding enables these powders to be
n contact with each other and atomically clean surfaces with min-
mized diffusion distance; hence, producing laminated structures.
hese laminated structures are further refined as the fracture takes
lace and as their thickness decreases. At this stage, dissolution
ay occur but the chemical composition is not homogeneous. A

omposite of SiO2–SiC phases results. The relationship between
he milling time and the degree of crystallinity for SiO2 and C,
nd the degree of formation of SiC is shown in Eqs. (11)–(13),
espectively. This indicates that the amorphization rate of graphite
s higher as compared to SiO2, due to the differences in terms of
ardness. In addition, Eq. (12) indicates that a further increase in
he milling time will form more SiC phases. These models can be
sed as an indicator to optimize the mechanochemical reaction
rocess.

egree of formation = ISiC

ISiO2
+ IC + ISiC

(7)

i + C = SiC�G298 = −70 850 J/mol (8)

iO2 + 2C = SiC + CO2�G298 = 389 320 J/mol (9)

OC = −9.742 ln(t) + 88.608 (10)
OC = −11.56 ln(t) + 89.76 (11)

OC = 4.929 ln(t) − 36.319 (12)

he mixing mechanism of the SiO2–C mixture is an important cri-
erion as it will influence carbothermic reaction. It is essential to
Compounds 502 (2010) 250–256 253

know whether SiO2 and C are intimately mixed at atomic levels
(i.e., the formation of chemical bonds between Si and C, or the van
der Waals bonds between SiO2 and C), or just physically mixed
at microstructural level after prolonged milling, as the amount of
mixing will affect the formation mechanism of SiC during the heat
treatment. Undoubtedly, prolonged high-energy milling leads to a
more uniform mixing of SiO2 and C at a microstructure level due
to repetitive plastic deformation, fragmentation, and cold welding
during the milling. Ren et al. [3] reported that SiO2 and C phys-
ically separate in the early stages of milling, and that prolonged
milling causes some of the SiO2 and C to mix intimately; however,
there was no evidence of SiO2 and C mixed at atomic levels. In this
work, the formation of SiC phases, indicated by X-ray diffraction
patterns during the milling itself, prove that Si and C mix at atomic
levels.

The main issue regarding the foregoing phenomenon is
the amount of energy delivered by the mill and the milling
mechanism. The energy delivered by the attritor mill ranged
between 200 kW/ton and 400 kW/ton, whilst a ring mill deliv-
ers 1690 kW/ton of energy, based on the calculation of its kinetic
energy. The huge differences in delivered energy permit the for-
mation of SiC during the milling itself, as compared to the attritor
mill. Mixing at atomic levels requires that the powder constituents
have shearing capabilities so that shearing of atomic planes can take
place during plastic deformation. It has been shown that the level
of mixing insoluble constituents during milling is closely related to
the enthalpy change of the possible chemical reaction in the system
under consideration. For SiO2 and C systems in the Ren et al. study
[3], the mixing of SiO2 and C at atomic levels increased the free
energy of the system. If the C is forced into SiO2 by shearing dur-
ing plastic deformation and if the carbon can diffuse fast enough
at the milling temperature, the carbon will have the tendency to
diffuse out of SiO2. SiO2 and C thus remain atomically separated.
In this work, Si and C are atomically bonded, which indicates that
carbon did not diffuse out from SiO2. This phenomenon may be
related to the construction of ring mills with high media filling,
and a low media-to-powder ratio permits the high probability of
particles being trapped between the grinding media. This stands in
comparison to an attritor mill. The reaction of SiC formation from
carbothermic reduction at high temperatures is rather complex, but
it is generally agreed that the overall reaction is as shown in Eq. (13).
Ren et al. [3] suggested a series of reactions prior to the SiC phase;
but, in this work, nucleation of the SiC phase has been obtained
during the milling and it was used as a seed for the formation of SiC
phases during the heat treatment.

SiO2(s) + 3C(s) = SiC(s) + 2CO(g) (13)

The enhanced carbothermic reaction was observed in this study
due to finer particle sizes, large surface areas, the intimate mix-
ing of SiO2 and C at microstructure level, and the formation of
SiC seeds during the milling. On the other hand, the formation of
an amorphous phase in the powder, the low degree of long-range
order in the remaining crystalline particles, the large grain bound-
aries associated with ultrafine crystallites, the high internal strain
in the remaining crystalline SiO2, the ultrafine particle size, and
the intimate mixing of reactants increase the free energy of reac-
tants, thereby increasing the driving force of carbothermic reaction.
Finally, iron contamination from the milling media was detected
on the sample that was milled for 18 000 s and underwent heat
treatment where iron chromium phase was detected at 2� = 24.30◦.

Some features of the activation process, particularly the

microstructure of the particles, were analyzed through XRD pat-
terns; the crystallite size and lattice strain were evaluated using
Eqs. (4) and (5). Figs. 3 and 4 show the crystallite size and lattice
strain of SiO2 and C, respectively. It can be seen that the crystal-
lite size decreased and the internal strain increased rapidly as the
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Fig. 3. Crystallite size of SiO2 and C as a function of milling time.
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A similar mechanism was observed through the increase in parti-
cle size after 600 s of milling, which indicates that cold welding
between SiO2 and C took place. The XRD pattern confirmed that
the SiC phases began to occur at this milling time. The particle
size continued to increasing as the milling progressed up to 1800 s,
Fig. 4. Lattice strain of SiO2 and C as a function of milling time.

illing progressed, especially at the early stage, nearing a plateau
fter 3600 s of milling.

Chaira et al. [1] mentioned that prolonged milling causes the
rystallite size to reduce; however, the internal strain is reduced
fter 20 h of milling due to the formation of a SiC phase. In
his test work, the internal strain kept increasing, although there
as a formation of a SiC phase, because the SiO2 phase was
ot completely changed. The crystallite size and the lattice strain
f the graphite were measured until 600 s. The reflection peak
t 59.95◦ diminished after 600 s of milling. The graphite exhib-
ted a rapid diminution of crystallite size compared to silica due
o the difference in the material hardness between these two

aterials.
The crystallite size and lattice strain of SiO2 increased and

ecreased, respectively, after heat treatment at 1000 ◦C for 1 h. This
henomenon was caused by the relaxation of the internal strain
fter the heat treatment. The average crystallite size of SiO2–SiC
ixture reached 57.9 nm after 18 000 s of milling, which indicates

hat prolonged milling in oscillating mills produces nanostructured
omposite particles. The SiC unit cell parameters in cubic form
re a = 3.07 A and c = 37.6 A. During milling, the energy delivered
y the mill led to flattened particle surfaces. Flattening was also
ccompanied by an increase in the dislocation density [7]. Crystal-
ite sizes were used to calculate the dislocation density. To a first
pproximation, dislocation density was assumed to be at least one
islocation per crystallite. Hence, dislocation density (N) becomes
he inverse square of the crystallite size (Dv), as shown in Eq. (14).
ig. 5 shows the dislocation density of SiO and C. The dislocation
2
ensity increased drastically in the initial stage of milling and then

t gradually increased after 1800 s of milling. At smaller crystallite
izes, the generation of dislocation is more difficult compared to
larger crystallite size. As the milling progressed, the crystallite
Fig. 5. Dislocation density of SiO2 and C as a function of milling time.

size reduced, which resulted in difficulties in the dislocation. This
phenomenon was observed during prolonged milling, as shown in
Fig. 5, for SiO2. Graphite exhibited a higher value of dislocation
density, as compared to SiO2, because it is softer.

N = 1

D2
v

(14)

3.2. The influence of mechanical activation time on particle size
and particle size distribution

The powder particles of SiO2 and C mixed together in the early
stage of milling and were mechanically activated, such that the
individual particles of SiO2 and C formed composite particles. After
3600 s of milling, some amount of SiC was formed in various phases.
Fig. 6 shows the volume moment diameter of SiO2 + C mixture as a
function of milling time. At the initial stage of milling up to 600 s,
the particle size decreased. It began to increase after 900 s up to
3600s of milling. The increase in particle size indicates that cold
welding took place between the SiO2 and C particles. In TiC system,
El-Eskandarany et al. [8] analyzed polished and etched particles
at the early stage of milling and showed that individual particles
many thick layers of individual layers of the diffusion couples of
the constituents powders. They believed that a solid state reaction
occured at the clean interface of these layers and that a new sin-
gle phase was formed after further milling. When the new phase
formed, the reactant layers disappeared. Therefore, in such a sys-
tem, the only means that the particle could grow is by cold welding.
Fig. 6. Volume moment diameter and span value of SiO2–C mixture as a function of
milling time.
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nd reduced again after 1800 s. This phenomenon indicates that
old welding takes place up to 1800 s of milling, and that further
illing reduces the particle size of the newly formed composite

hases.
Another interesting phenomenon that should be noted when

illing composite materials, especially in the presence of graphite,
s the evolution of the particle size of the mixture and of the indi-
idual particles. Ren et al. [3] reported the particle size of the
illed composites in specific surface areas and mentioned that

he increase in specific surface area at the initial stage of milling
s dictated by graphite. This indicates that specific surface area is
ot a good indicator for particle size reduction. The main prob-

em is the delamination of the basal plane of graphite that leads
o a higher specific surface area. In this work, the laser particle
izer was used, which gave the actual distribution of the milled
articles.

Fig. 7 shows particle size as a function of the milling time of the
iO2 + C mixture, SiO2 and C. SiO2 and C were milled for 30 s, 60 s,
00 s, and 600 s for comparison with the SiO2 and C mixture. The
resence of graphite in the mixture reduces the comminution effect
ecause, at a given milling time, pure SiO2 exhibits finer particle
ize compared to SiO2 + C powder mixture. Furthermore, graphite
xhibits a coarser particle size compared to the SiO2 + C mixture and
iO2 at a given milling time. This phenomenon indicates that the

article size of the mixture is very much dependent on graphite. The

ubricant effect of graphite and the easy displacement of the (0 0 l)
asal plane cause the decrease in the comminution effect. Further
esearch is needed to reduce the lubricant effect of graphite during
illing.

Fig. 8. Photomicrographs of SiO2 + C mixture as a function of milling ti
Fig. 7. Volume moment diameter of SiO2 + C, SiO2 and C as a function of milling
time.

3.3. Particle morphology

Fig. 8 shows photomicrographs of the SiO2–C mixture as a func-
tion of milling time. In the initial stage of milling, the irregular
particle shapes of SiO2 and flaky graphite in the size range of sev-
eral microns were clearly seen, which indicates the breakage of
SiO2 particles due to the impact and delamination of graphite in the

basal plane. At 600 s, as the milling progressed, the particle break-
age became even finer, and there was a tendency for these graphite
flakes to cover around the silica particles, as shown in Fig. 8(b).
At this stage, XRD shows the formation of �-SiC phase, where it is
believed that the reaction between the fresh surface of SiO2 and C

me: (a) 30 s, (b) 600 s, (c) 18 000 s, and (d) 18 000 s-heat treated.
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akes place due to a continuous impact by the milling media. A mas-
ive aggregation of small particles was observed when the mixture
as milled for 18 000 s. Smaller particles in the submicron range

ggregated to form particle sizes the range of several microns, as
hown in Fig. 8(c). The particles that underwent heat treatment
till exhibited aggregation, although the XRD microstructure char-
cterization showed internal strain relaxation. The initial particle
ize of SiO2 and C was 12.35 �m and 16.99 �m. The aggregate par-
icles exhibited sizes in rounded particles submicron range, and
here was no evidence of flaky particles in the micrographs. Ren
t al. [3] mentioned that the prolonged milling causes the flakelike
tructure of graphite powders to agglomerate and become even
ner. Hence, they become difficult to discern. This suggests that
he graphite flakes are extremely fine and/or the graphite has just
ecome amorphous. This phenomenon shows the formation of SiC
hases as the C is used.

Juhasz and Opoczky [9] suggested that there are three stages of
nteraction between the particles, namely, adherence, aggregation,
nd agglomeration. In the adherence stage, the particles will coat
he mill body and the grinding media. At the aggregation stage, the
articles associate weakly by van der Waals-type adhesion, which

s a reversible reaction. Agglomeration is defined as a very compact,
rreversible interaction of particles with the occurrence of chemical
onding between the particles. In the case of high-energy milling of
iO2 and C in oscillating mills, the interaction between particles is
onsidered as agglomeration because there is new phase formation
esulting from the reaction between these two phases.
. Conclusion

This study showed that there is a possibility to obtain SiC phase,
n a comparatively shorter milling time, through the high-energy

[

[

[
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milling of SiO2 and C in a ring mill. In this case, the formation
of SiC–SiO2 nanocomposite phases was obtained as milling and
heat treatment were carried out under ambient conditions. The
nanocomposite obtained was a mixture of 86.3% SiO2 and 13.7%
SiC. The nanostructured SiO2–SiC composite exhibits amorphism
with high inrenal strain in the particles. Furthermore the phase
change of quartz to cristobalite was manifested after the heat treat-
ment and contamination from the milling media was observed as
well.
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